Single crystals of caesium titanyl arsenate (CTA, CsTiOAsO4), with space group Pna21 and isomorphous with potassium titanyl phosphate (KTP, KTiOPO4), have been studied using high-resolution synchrotron X-rays. During the experiments, an electric field was applied along the polar axis [001]. Single-crystal plates, between 300 and 450 pm thick along [001], were polarized by a variable square wave of frequency 20 Hz alternately applied to each side of the plate. A fieldinduced splitting of the +/-peaks for reflections hkl with l-¢ 0 was observed. This splitting provides information about the coercive field, polarizability and the piezoelectric strain tensor. Two of the piezoelectric coefficients of CTA could be estimated as d3~ _~ 1 and d33 _~ 27 pm V -1. Whereas the coercive fields were estimated at 2300 V mm -l, the field necessary to reverse the domains just once in CTA was found to be either 560 or 1550 V mm -1, depending on the polarity of the reversed domain in relation to the polarity of the nonswitched part of the crystal.
I. Introduction
Caesium titanyl arsenate, (CTA, CsTiOAsO4) is an orthorhombic material crystallizing in space group Pna21. Reports on the material have only appeared in recent years with Protas, Marnier, Boulanger & Menaert (1989) describing its structure. Many of its fundamental properties are still unpublished. It is one of many compounds isostructural with potassium titanyl phosphate (KTP, KTiOPO4), which is a non-linear-optical (NLO) material increasingly used in such applications as optical waveguides, optical parametric oscillators and bulk frequency doubling of the Nd:YAG laser (Zumsteg, Bierlein & Gier, 1976; Stucky, Phillips & Gier, 1989) .
Arsenate analogues of KTP are of potential interest for infrared NLO devices because of their higher transmission in this area of the spectrum. Apart from this, the electric conductivity of arsenate analogues of KTP is lower; while the figure of merit and the electrooptic coefficients of KTiOAsO4 (KTA) were reported to be larger than those of KTP (Bierlein, Vanherzeele & Ballman, 1989) . Some crystal data of CTA and KTP are given in Table 1 .
The behaviour of these materials under an applied electric field has been the subject of attention since it became clear that KTP suffers from a poorly understood mechanism of temporary breakdown ('gray tracking'), when the intensity of a laser beam and thus the electric polarization induced by it becomes too high (Loiacono, Loiacono, McGee & Babb, 1992) . Studies of KTP under an electric field have shown that crystals grown from high-temperature solution were conductive parallel to
[001] owing to the transport of potassium ions via a vacancy-hopping mechanism (Furusawa, Hayashi, Ishibashi, Miyamoto & Sasaki, 1993; Hrrlin & Bolt 1995) . A relation between this conductivity and the breakdown intensity due to gray tracking has been proposed, but is still debated (Jongerius, Bolt & Sweeps, 1994; Boulanger, Fejer, Blachman & Bordui, 1994) .
The practical need for more insight into the behaviour of KTP and materials isostructural to KTP has triggered the present study of CTA. Peak shifts in the co scans of selected reflections of single-domain crystals under a square-wave electric field were observed with the aim of a determination of (i) the field strengths necessary to switch the ferroelectric domain and (ii) the values of those piezoelectric coefficients that can be deduced from measurements on a (001)-oriented crystal plate.
Experimental

Crystal preparation
The growth of high-quality single crystals of CTA has been studied in recent years (Cheng, Cheng, Zumsteg, Bierlein & Galperin, 1993; Loiacono, Loiacono & Stolzenberger, 1993) . At the start of this project, a single (001)-oriented crystal plane of CTA with dimensions 20 x 10 x 0.45 mm was provided by Dr L. K. Cheng from DuPont de Nemours & Co. (Experimental Station, 1990) . Each electric lead on the crystal plane was connected to a power supply and a generator producing a square-wave variable voltage of up to 1500 V and with the tension alternately applied to each side of the crystal. The frequency used was 20 Hz, since preliminary measurements in the range 5--180 Hz gave no indication of a frequency dependence of the magnitude of the peak splits found. A scaler and a clock were gated to each of the two square waves, thus allowing the detection of a possible shift in position and intensity of a reflection between the two field directions. Owing to the actual appearance of the wave, only the last 3/4 of each crest was used for measurements.
Wilmington, Delaware, USA). Details of the growth have been published by Cheng et al. (1993) . CTA crystals have also been grown during the project itself, by means of the top-seeded-solution-growth technique out of a three-zone furnace and a CssAs3Olo self flux. The best crystals of CTA grown in this way were cut and polished to {001 } plates between 300 and 450 lam thick. A layer of approximately 200 A of gold was evaporated onto the {001} faces, leaving a window frame without electrode material on the edge of the faces to prevent edge effects from an applied electric field. The crystals were mounted on Teflon pegs where springloaded electrical leads were connected to the metal layers by silver epoxy glue.
Impedance measurements
Impedance measurements were carried out with an automated impedance spectrometer developed at the Department of Inorganic Chemistry, University of Stockholm (H6rlin, 1985) . All measurements were carried out in the frequency range 1-50 MHz with an upper impedance limit of 3 Mf~. To avoid nonlinear electrochemical behaviour, voltages less than 30 mV were applied. The temperature was kept constant within ± 0.1 K during each scan.
X-ray data collection
The X-ray data were collected at the National Synchrotron Light Source Crystallography Station X7B at Brookhaven National Laboratory, USA, using a Huber six-circle diffractometer with Na(T1)I scintillation detector and monitor. The wavelength of the beam was 0.89198 ,~. For strong reflections, the X-ray beam was attenuated by aluminium plates placed in front of the detector and the beam outlet to avoid saturation of the detector. Data were collected at ambient temperature (298 K) in an o3-scan mode with fixed steps of 0.01 ° or less with a fixed time of 1 s per step.
The electric-field experiments were made in a set-up similar to the one used by St~hl, Kvick & Abrahams
Results and discussion
Impedance measurements
The results of impedance measurements on CTA are compared in F'g. 1 to results from KTP, pure or doped with Cr 3+ or Sc 3 + ions in various concentrations ( Fig. 1 is prepared aider H6rlin & Bolt, 1995) . The most striking result is the lack of conductivity parallel to the polar axis in CTA and the reduced conductivity of KTP caused by doping with trivalent ions. A comparison of these curves shows that the presence of 0.09% scandium does not lower the conductivity of KTP very much. A significant drop in conductivity occurs when 0.2% dopant has been added. A further reduction of conductivity takes place when the crystal is doped with 1.9% Cr 3+. Because the conduction mechanism parallel to the c axis in KTP is caused by the presence of vacancies at K + sites (Furusawa et al., 1993) , one may conclude that the native concentration of potassium vacancies in KTP is about 0.2% but that no such vacancies appear in the caesium sites in CTA.
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Ferroelectric switching
During the study of CTA under a square-wave field, distinctly split Bragg diffraction profiles were observed that were not present when the field was turned off. One experiment is shown in Fig. 2 , where the 008 reflection of CTA is observed under an alternating field of 1750 V mm-l. The peak split is determined by first fitting the two profiles using a cubic spline function (Press, Flannery, Teukolsky & Vetterling, 1989 ). The split is then determined as the average shift along the profiles, which also gives an estimate of the errors. The value observed in Fig. 2 , Am = 5.8 (1)x 10 -3°, is small but detectable.
The peak split (,609) as a function of the strength of the applied electric field is shown in Fig. 3 for reflection 008 from the CTA plate. All reflections that could be measured in the present set-up of the crystal plate behaved similarly.* The shift reaches a detectable magnitude at fields of about 600 V mm-1. When the field is increased to about 1500 V mm-~, Aco increases to about 6.5 x 10 -3°, a value that stays approximately constant with further increases of the field strength until about 2100 V mm-1, where `609 rather suddenly drops to about 1.5 × 10 -3°. The peak split exhibits a pronounced hysteresis: when the field is decreased from its maximum value of 2900 V mm -~, the value of ,609 slowly drops to zero. This loop can be retraced repeatedly. The decrease in ,609 at high alternating fields as shown in Fig. 3 can be explained by the assumption that the coercive field strength of CTA is reached at about 2300 V mm-1, a value quite near the approximate value 2600 V mm-1 inferred from the ferroelectric hysteresis loop determined by Loiacono et al. (1993) , with the assumption that the thickness of their sample had the 'typical value' of 0.5 mm given elsewhere in the paper. Above the coercive field strength, a single domain of CTA (under the metal-coated area of the crystal) is switched 40 times per second by the alternating field. The peak shifts at field strengths below the coercive field are a manifestation of the elastic strain caused by the converse piezoelectric effect.
Domain reversal in CTA
Values of Ao9 as a function of field strength of the 0,0,16 reflection of CTA are shown in Fig. 4 to illustrate a single domain switch in CTA under the influence of an increasing field. In these experiments, the strong field was applied in only one of the two directions. The field in the other direction was not turned off, but kept constant near 10 V mm-1 in order to avoid space charge accumulation.
First, a square-wave field of 2670 V mm -1 was applied in one direction. Then, the direction of the field was reversed and its strength was increased stepwise from 300 V mm-~ to determine the strength at which the domain is reversed, i.e. the strength at which the direction of the peak shift changes. When this had happened, the experiment was repeated but with the field directions reversed. From Fig. 4 , it can be estimated that Fig. 3 . Ferroelectric switching of CTA as indicated by the reflection 008. When the field E 3 (parallel to e) is increased, the peak split AoJ increases until the coercive field of 2300 V mm-1. A hysteresis loop, which can be retraced, is formed when the field is decreased from its maximum value. The error at each point can be estimated as 5 x 10 -40 from averaging of the shifts along the fitted profiles. The curves are drawn as a help for the eye; they are without theoretical significance.
the domain reversal takes place near 1550 V mm-~ for one of the directions and near 560 V mm-~ for the other.
That two different values were found for the field strength causing just one domain switch in CTA may be understood in the following way. The complete crystal was originally a single-domain crystal, but the switching experiments may have created multidomains. At the start of each domain-reversal experiment, the high field created a single domain under the gold-coated area that could have the same or opposite polarity as the crystal edge. To reverse this polarity, a relatively low field is required if the result should be the same as in the edge since the domain boundary can move inwards from there. A much higher field is apparently required to create opposite polarities under the gold-coated area and in the edge, since in this case a domain-nucleation mechanism is needed for the inner part of the crystal.
Both field strengths estimated for a single reversal of the domain are smaller than the coercive field strength of 2300 V mm-~ estimated for the ferroelastic switching of CTA at 20 Hz, which again might be interpreted as an effect of differences in domain nucleation. If lower fields are required for a single reversal than for switching at a certain frequency, different mechanisms should be at play.
Piezoelectric moduli
Piezoelectric coefficients may be determined directly by using X-rays to measure the elastic strain induced in a piezoelectric crystal by a static electric field (Bhalla, Bose, White & Cross, 1971; Barsch, 1976; Graafsma, 1992) . A measurement of all coefficients would require that four differently oriented cuts are observed. In our case, only a {001} platelet was available, making possible a determination of d31, d32 and d33 but not of d15 and d24 (crystal class mm2) from reflections h00, 0k0 and 001.
The strain coefficients d O . for the converse piezoelectric effect are defined by ej -do.E i. The effect of a small strain 8 can be obtained by differentiating Bragg's law: Ad/d=-`40cot0 (please note the different meaning of d here). If a strain Ad/d is produced in the z direction by an electric field E 3 applied in this direction, then g3--Ad/d = d33E3 and, combining the last two equations, d33 = -AO/ (2E 3 tan O) where the factor 2 in the denominator is introduced since the same field is applied in both directions. The coefficients d32 and d31 can be obtained in a similar way.
Since the crystal plates were large and the material had a high absorption coefficient, the h00 and 0k0 reflections were difficult to measure; in fact, the measurements of the 0k0 reflections proved to be impossible. A plot of the peak split as a function of tan 0 for both h00 and 00l reflections of CTA is shown in Fig. 5 . Although rough estimates d31 _~1 and d33 ~" 27 pm V-1 were made from the plots, it must also be concluded that the experimental set-up gives errors in ,4(o that are too large for a reliable determination of the piezoelectric moduli. The values obtained may be compared with values calculated in a similar way for hydrothermally grown KTP by St~hl, Kvick, Nelson & Stucky (1990) . They found values of-0.4, 0.6 and 5.8 pm V-1 for d31, d32 and d33, respectively, which are lower than those estimated for CTA above and have opposite signs of d31 and d33. The measurements on plotted as a function of the square-wave electric field E 3 applied to only one of the electrodes, with the square-wave field on the other kept at 10 V mm-~. Depending on the polar direction at the start, the domain is reversed at 560 (t2) or 1550 (©) V mm-1. The error at each point is estimated as 3 x 10 -4°. The curves are drawn as a help for the eye only. KTP were made at room temperature, so conduction effects that lower the ,6o9 values cannot be ruled out.
